1. Introduction {#sec1}
===============

p53 is an intensively studied protein, primarily as a tumor suppressor in humans and other mammals [@bib1]. p53 mutations or deficiency are highly correlated with increased susceptibility to cancer, and most studies have focused on how p53 might protect against malignant progression. Besides cell proliferation, p53 plays an important role in biological functions such as stress, ageing, and obesity-associated disorders [@bib2].

Although there is a large body of evidence showing that p53 promotes fatty acid catabolism while it inhibits anabolism through the regulation of gene expression [@bib3], the possible contribution of p53 to the pathogenesis of nonalcoholic fatty liver disease (NAFLD) has only recently begun to be understood. Manipulations of p53 specifically in the liver, thus avoiding possible contributions/compensations from p53 modulations in other tissues, found that the lack of hepatic p53 increases lipid deposition while its over-expression ameliorates high fat diet-induced steatosis [@bib4], [@bib5]. These latter results are also in agreement with *in vitro* studies suggesting a catabolic action of p53 on fatty acids [@bib3], [@bib6].

The anthracycline doxorubicin is an important chemotherapeutic agent used in the treatment of solid epithelial and mesenchymal tumors as well as leukemias. p53 is essential for the therapeutic action of doxorubicin since p53 mutations are associated with resistance to this drug [@bib7]. Therefore, we tested the hypothesis that doxorubicin treatment at much lower doses than those used for chemotherapy may have beneficial effects in animal models of NAFLD and nonalcoholic steatohepatitis (NASH). Importantly, we assessed the feasibility of chronic treatment with oral administration of doxorubicin in these preclinical models. The interest in this approach was further prompted by our recent data showing that doxorubicin exerted a beneficial effect on body weight [@bib8].

In the present study, we demonstrate that chronic pharmacological stimulation of p53 with a low dose of doxorubicin (administered intraperitoneally and orally) improves liver injury in different models of diet-induced steatosis and NASH through stimulation of fatty acid oxidation and decrease of lipogenesis, inflammation, and ER stress. These effects are unlikely to be off-target effects of doxorubicin, since they did not occur when the drug was administered to mice with liver-specific ablation of p53. Finally, the effects of doxorubicin on lipid metabolism found in animal models were also present in human hepatic cells lines. These data provide new evidence for p53 targeting as a promising strategy for liver disease.

2. Material and methods {#sec2}
=======================

2.1. Animals and diets {#sec2.1}
----------------------

Animal experiments were conducted in accordance to the standards approved by the Faculty Animal Committee at the University of Santiago de Compostela, and the experiments were performed in agreement with the Rules of Laboratory Animal Care and International Law on Animal Experimentation. 8--10 weeks old Swiss mice were kept under a 12 h light/dark cycle and had *ad libitum* access to chow diet and water. In the first study, we used Swiss mice (8--10 weeks old) kept under a 12 h light/dark cycle and with *ad libitum* access to chow diet and water mice fed a HFD (Research Diets D12451; 45% fat, 4.73 kcal/g) for 3 months before undergoing the treatments. In a second study, we used C57BL/6J mice (8--10 weeks old) fed a HFD (Research Diets, D12492; 60% fat, 5.24 kcal/g) for 2 months, MCD diet (D05010402, Research Diets) for 2 weeks and CD-HFD (A0282002B, Research diets) for 4 weeks before undergoing the treatments. p53 floxed mice were purchased from The Jackson Laboratory (B6.129P2-Trp53tm1Brn/J) and maintained on a Specific Pathogen Free room (SPF) and fed with chow diet or HFD (Research Diets, D12492; 60% fat, 5.24 kcal/g) for two months before undergoing the treatments. Food intake and body weight were measured twice a week during experimental phase in all experiments.

2.2. Intraperitoneal (i.p.) injections {#sec2.2}
--------------------------------------

For acute i.p. injections, Doxorubicin hydrochloride (Tocris) was dissolved in saline, which was used as a vehicle. Doxorubicin was administered at 0.15, 0.3, 0.6, 1.25, and 2.5 mg/kg.

2.3. Oral gavage administration {#sec2.3}
-------------------------------

C57BL/6J mice fed with MCD and CDHFD were orally administrated doxorubicin 10 and 20 mg/kg twice a week for 2 weeks. In this procedure, a bulb tipped gastric gavage was attached to a syringe and used to deliver doxorubicin directly into the stomach (BIOSEB). 30 min before doxorubicin administration, mice received oral quercetin 15 mg/kg since it is known that enhance the bioavailability of orally administrated doxorubicin in the intestine [@bib9].

2.4. *In vivo* adenoviral gene transfer {#sec2.4}
---------------------------------------

For the down-regulation of p53 specifically in the liver, p53 floxed mice were injected in the t*ail vein* (1 × 10^10^ VG/mL) with an AAV8 encoding *Cre recombinase* (SL100835 Signagen Laboratories) or GFP (SL100833 Signagen Laboratories) [@bib5]. In addition, we also used C57BL/6J mice treated with adenoviral vectors encoding GFP alone (Ad-GFP) or the double-mutant kinase dead p53 regulating kinase

(DNTp53RK) acting as a dominant negative (the Tp53RK clone was then mutated at g217a and a218t to E73M) that block p53 activation and function (Ad-DNTp53RK) (Signagen, reference numbers SL100708 and SL115889 respectively) [@bib8].

2.5. Determination of body composition {#sec2.5}
--------------------------------------

Whole body composition was measured using nuclear magnetic resonance (NMR) imaging (Whole Body Composition Analyzer; EchoMRI).

2.6. RNA isolation and quantitative real-time PCR (qRT-PCR) analysis {#sec2.6}
--------------------------------------------------------------------

Total liver RNA was extracted and qRT-PCR was performed as previously described [@bib5] (see Supplementary information and [Supplementary Table 3](#appsec1){ref-type="sec"} for primers used).

2.7. Western blot analysis {#sec2.7}
--------------------------

Western blot was performed as described [@bib5] (see Supplementary information and [Supplementary Table 4](#appsec1){ref-type="sec"} for antibodies used).

2.8. Cell culture and transfection {#sec2.8}
----------------------------------

THLE2 and HepG2 cells were cultured and transfected as previously described [@bib5] (see Supplementary information).

2.9. *De novo* lipogenesis and fatty acid oxidation {#sec2.9}
---------------------------------------------------

*De novo* lipogenesis and the rate of fatty acid oxidation were determined as previously described [@bib5] (see Supplementary information).

2.10. Data analysis and statistics {#sec2.10}
----------------------------------

A Kolgomorov--Smirnov test (n = 5--7) and the Shapiro--Wilk test (n ≥ 7) were performed to test normality. When variables were normally distributed, Student\'s *t-test* (for comparisons between two groups) or analysis of variance followed by *post hoc* Bonferroni adjustment were performed. When variables were not normally distributed, we performed the non-parametric Mann--Whitney *U-test* (for comparisons between two groups) or a Kruskal--Wallis test, followed by Dunn\'s multiple comparison test, when more than two groups were compared. Tests were performed with PRISM (GraphPad Software v5). Data are presented as mean ± s.e.m. and statistical significance was set at p \< 0.05 for all analyses.

3. Results {#sec3}
==========

3.1. Intraperitoneal doxorubicin suppresses body weight gain and ameliorates liver steatosis in diet-induced obese mice in a feeding-independent manner {#sec3.1}
-------------------------------------------------------------------------------------------------------------------------------------------------------

We first injected four different doses of intraperitoneal (i.p.) doxorubicin (0.3, 0.6 and 1.25 and 2.5 mg/kg, daily for 5 days) in mice fed a chow diet. We found that after 5 days of treatment, the highest dose (2.5 mg/kg) decreased body weight, adiposity, and food intake while the doses of 0.6 and 1.25 mg/kg decreased weight gain and adiposity in a feeding-independent manner ([Supplementary figures 1A--C](#appsec1){ref-type="sec"}). The lowest dose (0.3 mg/kg) did not change body weight relative to vehicle, despite a small statistically significant increase in food intake.

Next, we investigated the effect of different doses of doxorubicin (i.p injection of 0.15, 0.3, 0.6 and 1.25 mg/kg, 3 times/week for 2 months) in diet-induced obese (DIO) Swiss mice, with a diet consisting of 45% fat. All the doses of doxorubicin reduced weight gain during 2 months of treatment ([Figure 1](#fig1){ref-type="fig"}A). This effect occurred without any significant changes in food intake, except for the highest dose (1.25 mg/kg) at which food intake was decreased ([Figure 1](#fig1){ref-type="fig"}A). The dose of 0.6 mg/kg caused the most pronounced weight loss in a feeding-independent manner and was sufficient to phosphorylate p53 and to up-regulate the p53 downstream molecule Bax ([Figure 1](#fig1){ref-type="fig"}B), so we chose this dose for further analyses. At this dose, doxorubicin decreased fat mass without changes in non-fat mass ([Figure 1](#fig1){ref-type="fig"}C), reduced the hepatic triglyceride content, and decreased serum levels of AST and ALT ([Figure 1](#fig1){ref-type="fig"}D). Serum troponin levels, measured as a marker of myocardial injury, did not show differences between vehicle and doxorubicin treated mice ([Supplementary Table 1](#appsec1){ref-type="sec"}). A decrease in serum triglycerides and free fatty acids (FFA) was detected after doxorubicin treatment ([Supplementary Table 2](#appsec1){ref-type="sec"}). To investigate the potential mechanisms affected by doxorubicin, we measured markers of several pathways that are widely known to be altered in murine models of NAFLD, such as markers of lipid oxidation and export (Acox, Acadm, Acadl, Abcd1, Fatp2, Pparα, and ApoB), unfolded protein response (UPR) (pIRE, XBP1s, and CHOP), pJNK, and inflammation (IL6, IL10, NFκβ, Tnfα, arginase, and F480). Our data showed that doxorubicin stimulated the gene expression of several markers of lipid oxidation, such as Acox, Acadm, and Fatp2, and decreased the expression of markers for endoplasmic reticulum (ER) stress and inflammation in comparison to vehicle-treated mice ([Figure 1](#fig1){ref-type="fig"}Eand F).Figure 1**Metabolic effects of doxorubicin treatment in obese Swiss mice.** Swiss mice fed a HFD (45% fat) for 12 weeks, were randomly treated with either saline or doxorubicin at different doses injected intraperitoneally twice a week during next 60 days. Cumulative body weight and food intake (A), phosphorylated levels of p53 and Bax (B), and changes in body composition between control and 0.6 mg/kg doxorubicin treated mice (C). Representative photomicrographs of hematoxylin&eosin (upper panel) and oil red O staining (lower panel) of liver sections, liver TG content, and serum levels of AST and ALT (D). mRNA levels of genes related to fatty acid oxidation in liver samples (E). Liver protein levels of proteins involved in ER stress and gene expression of inflammatory markers (F). HPRT, tubulin, and GAPDH were used to normalize mRNA and protein levels. Dividing lines indicate splicings in the same gel. Values are mean ± standard error of the mean of 7--10 animals per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.

In order to investigate whether the beneficial effect of doxorubicin that was observed in Swiss mice fed a high fat diet (HFD with 45% of fat) also occurred in another DIO animal model, we next followed the same experimental protocol (i.p. doxorubicin 0.15, 0.3 and 0.6 mg/kg, 3 times/week for 2 months) in C57BL/6J mice on a more severe diet (HFD with 60% of fat). The reason for using a distinct strain was to demonstrate that the effects of doxorubicin are consistent in different models. We found that after 2 months, the doses of 0.3 and 0.6 mg/kg reduced weight gain in a feeding-independent manner ([Figure 2](#fig2){ref-type="fig"}A), with only a marginal decrease in food intake in animals treated with the highest dose at the last week ([Figure 2](#fig2){ref-type="fig"}A). Consistent with the reduced weight gain, fat mass was also decreased at these 2 doses, while non-fat mass decreased only after the treatment with the dose of 0.6 mg/kg ([Figure 2](#fig2){ref-type="fig"}B). Doxorubicin decreased hepatic triglyceride content ([Figure 2](#fig2){ref-type="fig"}C and D), serum AST and ALT ([Figure 2](#fig2){ref-type="fig"}D), with no changes in serum troponin levels ([Supplementary Table 1](#appsec1){ref-type="sec"}) or in serum triglycerides ([Supplementary Table 2](#appsec1){ref-type="sec"}). The doses of 0.3 and 0.6 mg/kg were sufficient to increase phosphorylated levels of p53 and Bax ([Figure 2](#fig2){ref-type="fig"}E). Of note, the chronic treatment with doxorubicin at 0.3 and 0.6 mg/kg improved glucose tolerance without affecting insulin sensitivity ([Figure 2](#fig2){ref-type="fig"}F). However, a single injection of doxorubicin did not alter glucose tolerance after 24 h in DIO mice ([Figure 2](#fig2){ref-type="fig"}F).Figure 2**Metabolic effects of doxorubicin treatment in C57BL/6J obese mice.** Mice fed a HFD (60% fat) for 8 weeks were randomly treated with either saline or doxorubicin at different doses injected intraperitoneally twice a week during next 60 days. Cumulative body weight and food intake (A) and changes in fat mass and non-fat mass (B) between control and 0.6 mg/kg doxorubicin treated mice. Representative photomicrographs of hematoxylin&eosin (upper panel) and oil red O staining (lower panel) of liver sections (C). Liver TG content and serum levels of AST and ALT (D). Phosphorylated levels of p53 and Bax in control and doxorubicin (0.3 and 0.6 mg/kg) treated mice (E). Blood glucose levels during intraperitoneal GTT (2 g/kg) after chronic or acute treatment with doxorubicin and ITT (0,75U/kg) in 6h fasted mice after doxorubicin treatment and the corresponding areas under curve (F). Values are mean ± standard error of the mean of 7--10 animals per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.

3.2. Oral doxorubicin ameliorates liver damage in diet-induced NAFLD and NASH without affecting body weight {#sec3.2}
-----------------------------------------------------------------------------------------------------------

Since our findings indicated that the chronic i.p. treatment with doxorubicin had beneficial effects in terms of liver steatosis in DIO mice, we tested the feasibility of developing an oral treatment. Indeed, the bioavailability of oral doxorubicin is very low but previous reports found that the isoflavone quercetin increased its bioavailability [@bib9]. Thus, we treated DIO mice with quercetin and two different doses of doxorubicin (10 and 20 mg/kg) for 7 weeks. We found that while the dose of 10 mg/kg was ineffective, the dose of 20 mg/kg decreased body weight increment and adiposity independently of feeding ([Supplementary Figures 2A--C](#appsec1){ref-type="sec"}), and decreased hepatic triglyceride levels and serum AST ([Supplementary Figures 2D--E](#appsec1){ref-type="sec"}). A single administration of oral doxorubicin (20 mg/kg) did not alter glucose tolerance after 24 h in DIO mice ([Supplementary Figure 2F](#appsec1){ref-type="sec"}).

Once we found that the oral treatment of doxorubicin was effective to ameliorate liver steatosis in DIO mice, we next assessed its function in a more advanced stage of the disease. In order to evaluate this, we used mice fed a methionine- and choline-deficient (MCD) diet, which develop NASH and fibrosis [@bib10]. We found that the cotreatment of quercetin with doxorubicin (20 mg/kg) did not affect body weight in comparison to vehicle treated mice ([Figure 3](#fig3){ref-type="fig"}A), but it decreased ballooning, the concentration of hepatic triglycerides, and serum AST and ALT levels ([Figure 3](#fig3){ref-type="fig"}B), while serum troponin levels, triglycerides and free fatty acids (FFA) remained unchanged ([Supplementary Tables 1 and 4](#appsec1){ref-type="sec"}). Mice treated orally with doxorubicin also showed lower protein levels and gene expression of collagen III ([Figure 3](#fig3){ref-type="fig"}C), suggesting a reduction in fibrosis. Oral doxorubicin activated the p53 signaling pathway since it stimulated protein levels of p21 and Bax ([Figure 3](#fig3){ref-type="fig"}D). In line with this, treated mice showed increased hepatic expression of several major markers of lipid oxidation and transport ([Figure 3](#fig3){ref-type="fig"}E), and decreased levels of markers of lipogenesis, ER stress as well as inflammation ([Figure 3](#fig3){ref-type="fig"}F).Figure 3**Doxorubicin treatment ameliorates MCD diet-induced liver NASH and ER stress.** C57BL/6J mice fed with MCD diet for 2 weeks were randomly treated with either water or doxorubicin (20 mg/kg) co-administrated orally with quercetin (15 mg/kg) for another 2 weeks twice a week maintaining MCD diet. Body weight change (A). Representative photomicrographs of hematoxylin&eosin (upper panel) and oil red O staining (lower panel) of liver sections, hepatic TG content and serum levels of AST and ALT (B). Representative images of liver sections with Sirius red staining and collagen-positive quantification and mRNA expression of collagen III (C). Phosphorylated levels of p53 and Bax in control and doxorubicin treated mice (D). mRNA levels of genes related to fatty acid oxidation in liver samples (E). Liver protein levels of proteins involved in: lipid deposition, ER stress, and protein levels and gene expression of inflammatory markers (F). HPRT and GAPDH were used to normalize mRNA and protein levels. Dividing lines indicate splicings in the same gel. Values are mean ± standard error of the mean of 7--10 animals per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.

To further evaluate doxorubicin treatment in an animal model of liver damage more similar to that observed in humans, mice were fed a diet combining choline deficiency with HFD (CD-HFD) [@bib11], [@bib12]. Mice treated with oral doxorubicin did not show differences in body weight when compared to vehicle-treated mice ([Figure 4](#fig4){ref-type="fig"}A). However, ballooning, the levels of hepatic triglycerides and serum AST and ALT levels were significantly decreased in mice receiving doxorubicin ([Figure 4](#fig4){ref-type="fig"}B), with no changes in serum troponin levels, triglycerides, and free fatty acids (FFA) ([Supplementary Tables 1 and 4](#appsec1){ref-type="sec"}). This treatment also diminished protein levels and gene expression of collagen III ([Figure 4](#fig4){ref-type="fig"}C). Oral doxorubicin increased protein levels of phosphorylated p53 and Bax ([Figure 4](#fig4){ref-type="fig"}D). In addition, doxorubicin-treated mice showed increased hepatic expression of several markers of lipolysis ([Figure 4](#fig4){ref-type="fig"}E), and decreased levels of markers of lipogenesis, ER stress as well as inflammation ([Figure 4](#fig4){ref-type="fig"}F).Figure 4**Doxorubicin treatment ameliorates choline deficient combined with high fat diet (CD-HFD)-induced liver NASH and ER stress.** C57BL/6J mice fed a CD-HFD for 2 weeks were randomly treated with either water or doxorubicin (20 mg/kg) co-administrated orally with quercetin (15 mg/kg) for 2 weeks twice a week maintaining CD-HFD. Cumulative body weight (A). Representative photomicrographs of hematoxylin&eosin (upper panel) and oil red O staining (lower panel) of liver sections, hepatic TG content and serum levels of AST and ALT (B). Representative images of liver sections with Sirius red staining and collagen-positive quantification and mRNA expression of collagen III (C). Phosphorylated levels of p53 and Bax in control and doxorubicin treated mice (D). mRNA levels of genes related to fatty acid oxidation in liver samples (E). Liver protein levels and gene expression of factors involved in: lipid deposition, ER stress, and inflammation (F). HPRT, tubulin and GAPDH were used to normalize mRNA and protein levels. Dividing lines indicate splicings in the same gel. Values are mean ± standard error of the mean of 7--12 animals per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.

3.3. Doxorubicin does not ameliorate liver steatosis in mice with hepatic knockdown of p53 {#sec3.3}
------------------------------------------------------------------------------------------

To investigate whether the hepatic actions of doxorubicin are specifically mediated by p53, we studied the drug effects in mice with p53 knocked down specifically in their liver using dominant negative (DN) virus. The efficacy of the virus was proved by significantly downregulated p53 expression ([Figure 5](#fig5){ref-type="fig"}A). As expected [@bib4], [@bib5], these mice displayed increased lipid deposition in the liver ([Figure 5](#fig5){ref-type="fig"}B). However, 0.6 mg/kg doxorubicin administered i.p. daily for 3 weeks did not affect hepatic lipid content ([Figure 5](#fig5){ref-type="fig"}B). Consistent with these results, the expression of markers of lipogenesis and ER stress were elevated in the p53 knockout mice, whereas doxorubicin was unable to reverse these effects ([Figure 5](#fig5){ref-type="fig"}C).Figure 5**Doxorubicin treatment does not reverse lipid accumulation and ER stress in liver of mice with virogenetic down-regulation of p53.** p53 protein levels in the liver after tail vein administration of adenoviral vectors encoding a green fluorescent protein (GFP) or a dominant negative form of p53 (adp53 DN) (A). Representative photomicrographs of hematoxylin&eosin (upper panel) and oil red O staining (lower panel) of liver sections after tail vein administration of adenoviral vectors encoding a green fluorescent protein (GFP) or a dominant negative form of p53 (adp53 DN) (B). Liver protein levels of proteins involved in: lipid deposition and ER stress (C). p53 mRNA expression in the liver of p53 floxed mice fed a HFD injected in the tail vein with AAV8 encoding GFP or Cre recombinase (D). p53 mRNA expression in the liver of p53 floxed mice fed a HFD injected in the tail vein with AAV8 encoding GFP (D). Each group was then separated in two groups, one treated with saline i.p. and the other with doxorubicin 0.6 mg/kg twice per week for one month. Representative photomicrographs of hematoxylin&eosin (upper panel) and oil red O staining (lower panel) of liver sections (E) and the red area quantification. Gene expression of factors involved in lipid deposition in the liver of p53 floxed mice fed a HFD injected in the tail vein with AAV8 encoding GFP or Cre recombinase (F). Tubulin and GAPDH were used to normalize protein levels. Dividing lines indicate splicings in the same gel. Values are mean ± standard error of the mean of 7--9 animals per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.

In order to verify these results in another knockdown model, we also deleted hepatic p53 using the cre-lox recombination. Thus, p53 floxed mice were injected in the tail vein with AAV8 expressing GFP alone (controls) or GFP combined with Cre. The efficacy of the recombination was corroborated, and doxorubicin increased the expression of p53 in the liver of wild type mice ([Figure 5](#fig5){ref-type="fig"}D). Each group was then separated into two groups, one treated with vehicle i.p. and the other treated with doxorubicin 0.6 mg/kg i.p. Consistent with previous data, the lack of p53 in the liver caused a significant increase in the hepatic lipid content in control mice, but while doxorubicin was able to diminish the lipid content in control mice, it failed to do that in mice lacking hepatic p53 ([Figure 5](#fig5){ref-type="fig"}E). Additionally, the decreased expression of lipogenic genes such as Acc and Fas detected in normal mice treated with doxorubicin was not found in treated mice with depleted hepatic p53 ([Figure 5](#fig5){ref-type="fig"}F).

3.4. Doxorubicin decreases lipid content in HepG2 and THLE2 cells independently of cell viability and apoptosis {#sec3.4}
---------------------------------------------------------------------------------------------------------------

Once we demonstrated that doxorubicin regulates lipid metabolism in rodents via hepatic p53, we next assessed whether this drug could also exert the same effects in human hepatic cell lines. Thus, we challenged HepG2 cells with different doses of doxorubicin (10, 50, 100, 200, and 1000 nM) and found that the dose of 50 nM was sufficient to phosphorylate p53 ([Figure 6](#fig6){ref-type="fig"}A). We next challenged HepG2 cells with oleic acid to induce lipid accumulation and then treated them with doxorubicin 50 nM, which caused a significant decrease in lipid content ([Figure 6](#fig6){ref-type="fig"}B). Similar results were observed in another human hepatic cell line, THLE-2 cells, in which oleic acid-induced lipid accumulation was also significantly decreased by doxorubicin (25 nM) ([Figure 6](#fig6){ref-type="fig"}C). Next, we performed an assay in THLE2 cells and silenced p53 using two different doses of sip53 (50 and 100 pmol). The results of this experiment show that p53 protein levels are markedly decreased after silencing p53 ([Supplementary Figure 3A](#appsec1){ref-type="sec"}). In addition, silencing p53 in THLE2 significantly decreased the p53 downstream signaling as demonstrated by lower levels of p21 and Bax ([Supplementary Figure 3B](#appsec1){ref-type="sec"}). Importantly, the effect of doxorubicin on lipid content did not occur when THLE-2 cells were transfected with siRNAs directed against p53 ([Figure 6](#fig6){ref-type="fig"}D), suggesting again that p53 is required for doxorubicin action on lipid metabolism.Figure 6**Effect of doxorubicin treatment in HepG2 and THLE2 cell lines.** p53 and phosphorylated p53 protein levels after 48 h of a dose--response of doxorubicin in HepG2 cells (A). Representative dual channel fluorescent photomicrograph showing staining of lipids (BODIPY 493/503, green) and nuclei (DAPI, blue) in HepG2 cells cultured in oleic acid (1 mM) medium after treatment with doxorubicin 50 nM for 48 h (B). Representative dual channel fluorescent photomicrograph showing staining of lipids (BODIPY 493/503, green) and nuclei (DAPI, blue) in THLE2 cells cultured in oleic acid (1 mM) medium after treatment with doxorubicin 25 nM for 48 h (C). Representative dual channel fluorescent photomicrograph showing staining of lipids (BODIPY 493/503, green) and nuclei (DAPI, blue) in THLE2 cells after silencing p53 expression and then treated with doxorubicin 25 nM for 48 h (D). Protein levels of cleaved caspase 3 and 7 after a dose--response experiment in HepG2 cells (E). Relative cell viability measured by MTT (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test comparing HepG2 cells treated with vehicle and doxorubicin 50 nM during 24 h (F). GAPDH was used to normalize protein levels. Values are mean ± standard error of the mean of 7--9 per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.

Since p53 regulates cell viability and apoptosis, we next investigated whether the effects of doxorubicin on lipid metabolism were independent of its effects on cell cycle. As previously reported, we detected that when used a high dose, doxorubicin markedly activated p53 and apoptosis [@bib13] ([Figure 6](#fig6){ref-type="fig"}E). However, the dose of 50 nM did not affect the expression of cleaved caspase 3 or 7 ([Figure 6](#fig6){ref-type="fig"}E). Moreover, doxorubicin 50 nM did not alter cell viability of HepG2 cells ([Figure 6](#fig6){ref-type="fig"}F). These results indicate that doxorubicin modulates lipid metabolism independent of its well-known effects on apoptosis or cell viability.

3.5. Doxorubicin stimulates lipid oxidation and reduces *de novo* lipogenesis in HepG2 cells {#sec3.5}
--------------------------------------------------------------------------------------------

We next measured lipid oxidation and *de novo* lipogenesis directly in HepG2 cells treated with 50 nM doxorubicin in the presence or absence of 1 mM oleic acid. We found that doxorubicin up-regulated lipid oxidation, reflected as the measurement of palmitic acid oxidation ([Figure 7](#fig7){ref-type="fig"}B; complete oxidation, left; incomplete oxidation, right). Moreover, *de novo* TG and diacylglycerol lipogenesis and fatty acid synthesis were inhibited in HepG2 cells treated with doxorubicin ([Figure 7](#fig7){ref-type="fig"}A). The effect was more marked in the oleic acid treated HepG2 cells ([Figure 7](#fig7){ref-type="fig"}A). These results were confirmed when we measured the expression of genes involved in lipid oxidation in HepG2 cells challenged with doxorubicin 50 nM for 48 h. We found that doxorubicin stimulated the gene expression of Acox, Abcd1, and Fatp2 ([Figure 7](#fig7){ref-type="fig"}C).Figure 7**Doxorubicin treatment increases fatty acid oxidation and reduces *de novo* lipogenesis in HepG2 cells.***De novo* triglyceride (TG), diacylglycerol (DG) and fatty acid, phospholipid (FFA) (A). Complete and partial oxidation rate in HepG2 cells cultured in BSA and oleic acid medium after treatment with doxorubicin 50 nM (B). mRNA levels of genes related to fatty acid oxidation in HepG2 cells treated with doxorubicin 50 nM (C). Values are mean ± standard error of the mean of 5 per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.

3.6. The actions of doxorubicin on lipid metabolism are independent of topoisomerase II {#sec3.6}
---------------------------------------------------------------------------------------

Topoisomerase II (topo II) inhibitors are widely used in treatment protocols for hematologic malignancies and solid tumors. In a physiological setting, topoisomerase II is inhibited by p53 and it mediates many of the actions of p53. Thus, we investigated whether the effects of doxorubicin on hepatic lipid metabolism could be mediated by this enzyme. We measured protein levels of topoisomerase II in DIO mice treated with doxorubicin i.p. at 0.3 and 0.6 mg/kg for 2 months but failed to detect significant changes ([Supplementary figure 4A](#appsec1){ref-type="sec"}). We also measured its protein levels after the oral administration of doxorubicin (20 mg/kg for one month) in mice fed a CD-HFD but again, were unable to see differences in comparison to vehicle treated mice ([Supplementary Figure 4B](#appsec1){ref-type="sec"}).

4. Discussion {#sec4}
=============

The long-known Warburg hypothesis proposes that cancer cells predominantly produce energy by a high rate of glycolysis [@bib14], which is essential to cope with the enormous energy requirements of metastatic growth. There is increasing evidence that the transcription factor p53, mostly known for its role as a tumor suppressor and its involvement in cellular homeostasis of cancer cells, is emerging as an important component in the regulation of metabolic homeostasis. Recent findings suggest that in addition to the high rate of glycolysis in cancer cells, reprogramming of lipid metabolism also occurs, since lipids are used for biosynthesis of membranes, post-translational modifications, second messengers for signal transduction, and as a source of energy during nutrient deprivation [@bib15].

p53 generally functions as a negative regulator of lipid synthesis by activating fatty acid oxidation and inhibiting fatty acid synthesis [@bib3], and loss of p53 activity and mutations in p53 accelerate lipid accretion. For instance, p53 induces lipin 1, which ultimately regulates fatty acid oxidation in cultured cells [@bib16]. Moreover, p53 is known to induce the expression of three carnitine acyltransferases (carnitine O-octanoyltransferase, carnitine palmitoyltransferase 1A and 1C [@bib17] and induction of malonyl CoA decarboxylase [@bib18], therefore promoting fatty acid oxidation. In addition to its role on fatty acid oxidation, p53 also inhibits lipogenesis by the inactivation of glucose-6-phosphate dehydrogenase [@bib19] and the repression of sterol regulatory element-binding proteins [@bib20]. Consistent with these results, our current pharmacological data indicate that the activation of p53 using low-doses of doxorubicin reduces the lipid accumulation in different experimental models of diet-induced NAFLD and NASH. Consistent with these findings, our results indicate that the activation of p53 stimulates fatty acid oxidation and decreases *de novo* lipogenesis. Moreover, the amelioration of NAFLD and NASH after the treatment with doxorubicin was accompanied by decreased expression of markers related to inflammation and ER stress. Thereby, our previous and current findings support a beneficial role for p53 on hepatocyte function in conditions of excessive lipid deposition. Other reports have hypothesized that p53 is an essential player in the pathogenesis of NAFLD [@bib21], [@bib22], [@bib23], [@bib24]. However, clear experimental evidence of liver-specific p53 as the driver of this process was shown only recently, demonstrating that when p53 was specifically inhibited in the liver there was a significant increase in lipid deposition [@bib4], [@bib5], while the hepatic rescue of p53 ameliorates liver steatosis in p53-null mice and mice fed a HFD [@bib5].

A previous study also suggested a beneficial role for p53, demonstrating that diet-induced obese mice treated with the p53 inactivator pifithrin-α p-nitro attenuates steatosis and liver injury [@bib21]. However, this compound is known to also have p53-independent actions [@bib25], [@bib26], and whether the hepatic effects exerted by pifithrin-α were specifically mediated via p53 was not tested. Our results indicate that the actions of doxorubicin in the liver require p53, because the effect was abolished in our experiments with liver-specific down-regulation of p53, using three different approaches: a) AAV8-mediated Cre-LoxP recombination in p53 floxed mice [@bib5]; b) double-mutant kinase dead p53 regulating kinase acting as a dominant negative of p53 [@bib8]; and c) silencing p53 in human hepatic cell lines, interventions that all blunted the effects of doxorubicin on lipid accumulation, inflammation. ER stress, fatty acid oxidation, and lipogenesis.

One of the main challenges of doxorubicin administration is its very low bioavailability. Therefore, to assess the possibility to use oral administration of doxorubicin in diet-induced NAFLD/NASH models, we combined it with quercetin, known to increase the bioavailability of orally administered doxorubicin [@bib9]. This combination of drugs lead to beneficial effects comparable to when doxorubicin was administered i.p., with a similar decrease in hepatic lipid accumulation, diminished levels of markers of *de novo* fatty acid synthesis, inflammation, and ER stress as well as an up-regulation in fatty acid oxidation.

Although doxorubicin plays a key role in the regulation of cell cycle and apoptosis, our results indicate that at the doses of doxorubicin required to modulate lipid metabolism in the liver, cell proliferation and cell viability are unaffected. In this regard, topoisomerase II, an enzyme inhibited by p53 that mediates some of its actions, also remained unaltered at the doses of doxorubicin used here. Overall, our results indicate that the effects of doxorubicin on lipid metabolism can be completely dissociated from the "classical" actions of p53, which are effects that occur at much higher doses of doxorubicin than the ones required to act on fatty acid metabolism.

Finally, it is widely known that the use of doxorubicin as a chemotherapeutic agent (thereby given at high doses) has a dose-dependent off-target effects, including cytotoxicity on heart and other organs [@bib27]. Thus, a key aspect of our results was to know if the doses used here to ameliorate diet-induced NAFLD/NASH were causing any cardiac alteration. Our results show that the levels of troponin, a biomarker for the detection of cardiac injury [@bib28], remained unaltered between vehicle and doxorubicin-treated groups, and troponin was almost undetectable in comparison to a model of cardiac infarct. Thus, these data suggest that the i.p. and oral doses of doxorubicin efficient to ameliorate NAFLD and NASH were not causing any cardiac injury.

5. Conclusions {#sec5}
==============

In summary, our results show that long-term pharmacological activation of p53 using i.p. or oral administration of doxorubicin at much lower doses than those used in oncology ameliorates liver injury. This finding was evident in two different dietary animal models of NAFLD and NASH; in mice fed a HFD or mice fed a MCD and choline deficient diet combined with HFD. The attenuation of liver injury was correlated with increased fatty acid oxidation, decreased *de novo* fatty acid synthesis, reduced inflammation, and lowered ER stress. We provide mechanistic insight evidence that these doxorubicin-mediated effects were dependent of p53, since they were not observed in mice where hepatic p53 expression was missing or reduced. Finally, the effects of doxorubicin on lipid metabolism in the liver were not related to cell viability or apoptosis, and the doses of doxorubicin used did not cause any toxicity in the heart, either by the i.p. or the oral route. Overall, these results suggest that pharmacological activators of p53 may have beneficial effects in diet-induced NAFLD and NASH.

Conflict of interest {#appsec3}
====================

None declared.

Appendix A. Supplementary data {#appsec1}
==============================

The following are the supplementary data related to this article:Supplementary figure 1**Dose-response effects of doxorubicin on Swiss mice fed a chow diet.** Swiss mice were randomly treated with either saline or doxorubicin at different doses injected intraperitoneally daily for 5 days. Cumulative body weight (A), food intake (B) and body composition (C). Values are mean ± standard error of the mean of 10 animals per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.Supplementary figure 2**Doxorubicin treatment ameliorates high fat diet-induced liver steatosis.** C57BL6 mice fed a high fat diet (HFD) (60% fat) for 2 months were randomly treated with either water or doxorubicin (10 and 20 mg/kg) co-administrated orally with quercetin (15 mg/kg) twice a week for 50 days. Cumulative body weight (A), food intake (B) and body composition (C). Representative photomicrographs of hematoxylin&eosin (upper panel) and oil red O staining (lower panel) of liver sections (D) and liver TG content (E). Serum levels of AST and ALT (E). Glucose tolerance test 24 h after a single oral administration of doxorubicin (F). Values are mean ± standard error of the mean of 6--8 animals per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.Supplementary figure 3**Silencing of p53 in THLE2 cells inhibits the p53 signaling pathway.** p53 protein levels in THLE2 cells after p53 silencing with a siRNA (A). p21 and BAX protein levels in THLE2 cells after p53 silencing with a siRNA treated with vehicle or doxorubicin (B). GAPDH was used to normalize mRNA and protein levels. Values are mean ± standard error of the mean of 8 animals per group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group.Supplementary figure 4**Topoisomerase II is not altered by low doses of doxorubicin.** Topoisomerase II protein levels in the liver of mice fed a HFD (60%) and treated intraperitoneally with vehicle or doxorubicin (0.3 and 0.6 mg/kg) twice a week during 60 days (A). Topoisomerase II protein levels in the liver of mice fed a CD-HFD and treated orally with vehicle or doxorubicin (20 mg/kg) co-administrated orally with quercetin (15 mg/kg) for 2 weeks (B).Supplementary figure 5Uncropped blots for Figure 1.Supplementary figure 6Uncropped blots for Figure 2E.Supplementary figure 7Uncropped blots for Figure 3.Supplementary figure 8Uncropped blots for Figure 4.Supplementary figure 9Uncropped blots for Figure 5.Supplementary figure 10Uncropped blots for Figure 6A.Supplementary figure 11Uncropped blots for Figure 6F.mmc1
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